Passive scalar transport in turbulent channel flow subject to spanwise system rotation is studied by direct numerical simulations. The Reynolds number Re = U b h/ν is fixed at 20 000 and the rotation number Ro = 2Ωh/U b is varied from 0 to 1.2, where U b is the bulk mean velocity, h the half channel gap width and Ω the rotation rate. The scalar value is constant but different at the two walls, leading to steady scalar transport across the channel. The rotation causes an unstable channel side with relatively strong turbulence and turbulent scalar transport, and a stable channel side with relatively weak turbulence or laminar-like flow, weak turbulent scalar transport but large scalar fluctuations and steep mean scalar gradients. The distinct turbulent-laminar patterns observed at certain Ro on the stable channel side induce similar patterns in the scalar gradient field. The main conclusions of the study are that rotation reduces the similarity between the scalar and velocity field and that the Reynolds analogy for scalar-momentum transport does not hold for rotating turbulent channel flow. This is shown by a reduced correlation between velocity and scalar fluctuations, and a strongly reduced turbulent Prandtl number of less than 0.2 on the unstable channel side away from the wall at higher Ro. On the unstable channel side, scalar scales become larger than turbulence scales according to spectra and the turbulent scalar flux vector becomes more aligned with the mean scalar gradient owing to rotation. Budgets in the governing equations of the scalar energy and scalar fluxes are presented and discussed as well as other statistics relevant for turbulence modelling.
INTRODUCTION
In this paper, I present a numerical study of passive scalar transport in turbulent channel flow subject to spanwise system rotation. A passive scalar, a scalar that does not influence the flow, can represent e.g. a contaminant or small temperature variation. The present investigation is therefore connected to heat and mass transfer in rotating flows. Examples of these can be found in many industrial apparatus such as turbo machinery, separators and chemical reactors. A key feature of spanwise rotating channel flow is the development of linear part in the mean streamwise velocity profile on the unstable side where the absolute mean vorticity is nearly zero (Grundestam et al. 2008 , Xia et al. 2016 . Another remarkable feature is the occurrence of a linear instability in a range of Re and Ro, which leads to recurring strong bursts of turbulence on the stable channel side , Brethouwer 2016 ).
Passive scalar transport in non-rotating turbulent channel flow has been investigated extensively as well, see e.g. the DNS studies by Kawamura et al. (1998 Kawamura et al. ( , 1999 The objective of this study is to investigate passive scalar transport in plane turbulent channel flow subject to spanwise system rotation by DNS at higher Re and for a wider range of Ro than in previous studies in order to obtain a better understanding of turbulent heat and mass transfer in rapidly rotating wall-bounded flows. I will show that rotation weakens the similarity between the scalar and velocity field and that the Reynolds analogy is not with a pseudo-spectral code, as in Brethouwer (2016 Brethouwer ( , 2017 , with Fourier expansions in the streamwise x-and spanwise z-direction and Chebyshev polynomials in the wall-normal y-direction (Chevalier et al. 2007 ). Together with the Navier-Stokes, the code solves the advection-diffusion equation for a passive scalar
where U is the dimensionless velocity and Θ the scalar value. In the x-and z-direction, periodic boundary conditions are used for the the scalar and velocity, and no-slip conditions for the velocity at the walls. Further, Θ = 0 at one wall at y = −1 and Θ = 1 at the other wall at y = 1, where y is made non-dimensional with h. The scalar is thus kept at constant but different values at the wall, like in Johansson & Wikström (1999) and Nagano & Hattori (2003) . In the statistically stationary state the mean scalar fluxes are equal at both walls.
In the DNS the flow rate and thus Re was kept constant at 20 000 and P r = 0.71.
The domain size was 8πh, 2h and 3π in the x-, y-and z-direction, respectively, and the spatial resolution was similar as in other DNS of turbulent channel flow (Lee & Moser 2015) . The rotation number Ro was varied from 0 (no rotation) to a quite high value of 1.2. The parameters of the DNS are listed in table I. The friction velocity is defined as Before the statistics were collected, I ran the DNS for a sufficiently long time to reach a statistically stationary state with a constant mean scalar flux. I experienced that it can take a long time before the scalar field reaches such a state when the channel is rotating.
FLOW FIELD
Before I present and discuss the DNS results on the scalar transport I will briefly discuss some one-point flow statistics. A more comprehensive study of rotating channel flow is presented in Brethouwer (2016 Brethouwer ( , 2017 ) and other publications cited in the Introduction. These observations are consistent with the energy spectra presented in Brethouwer (2017) . It is important to remark that at Re = 20 000 a linear instability of Tollmien-Schlichtinglike waves occurs when Ro ≥ 0.9 (Brethouwer 2016 ). This instability causes recurring bursts of turbulence mostly confined to the stable channel side and its mechanism is examined in Although interesting, I will not further explore these recurring bursts in the DNS at Ro ≥ 0.9 but focus in the rest of the paper in these DNS on the relatively calm periods between the bursts. From a modelling point of view these calm periods are more relevant and give a better fundamental insight into the influence of rotation on turbulent scalar transport. Including the bursts would add further complexity to the problem. I therefore compute the scalar statistics from the statistics collected during the calm periods between the bursts. In Brethouwer (2017) I explain in more detail how I exclude the periods with the bursts from the statistics.
PASSIVE SCALAR TRANSPORT
In this section, I will discuss the basic statistics of the scalar field and scalar transport.
Here below, Θ is used to denote the mean scalar value, i.e. averaged over time and x-and z-directions, and θ the scalar fluctuation. A superscript + implies, unless stated otherwise, scaling in terms of viscous wall units ν and u τ and θ τ = Q w /u τ where Q w = α(dΘ/dy) w is the mean scalar flux at the wall, which is equal at both walls in the statistically stationary state. This can be understood by considering the mean scalar transport across the channel in the steady state
On the stable channel side, vθ is strongly diminished in rotating channel flow, as shown is not yet clear and there is obvious explanation for this behaviour.
I will now consider turbulent scalar transport. In rotating channel flow the difference between the peak values of u + and θ + is considerable if the scaling is based on u τ and θ τ , but if the scaling of the peak values on the unstable and stable channel side is based on u τ u , θ τ u and u τ s , θ τ s , respectively, the differences are much smaller. In the latter case, the peak values of u + and θ + on the unstable channel side show a very similar downward trend with Ro. The trend on the stable channel side is non-monotonic, which may be related to the appearance of turbulent-laminar patterns at Ro = 0.45 and 0.65. Rotation reduces thus the similarity between the u-and θ-field on the unstable side, but their near-wall peak values are still highly correlated and display a similar scaling in terms of wall units.
BUDGET EQUATIONS
In this section, the budgets of the governing equations of the scalar energy K θ = In the present steady-state case, the governing equation of the scalar energy K θ reads 0 = −vθ ∂Θ ∂y
where P θ represents production, D θ appears only significant near the wall and at Ro = 1.2 in the region away from the wall where K θ and P θ are large, implying that there is primarily a balance between P θ and ε θ . Accordingly, at Ro = 0 and Ro ≥ 0.9 the ratio P θ /ε θ is near unity in the outer region away from the border between the stable and unstable channel side (figure 13.b).
However, P + θ and ε + θ are both very small on the unstable side away from the wall when 0.15 Ro 0.65 ( figure 13.a) since the mean scalar gradient is small. In these cases the 
where Figure 16 shows in more detail the production terms of turbulent kinetic energy P K and P θ near the wall on the unstable side at Ro = 0 and 0.65. Furthermore, the figure shows the sum P 2 + C 2 , which can be regarded as a total production of vθ, and P 1θ = −uv(∂Θ/∂y) and P 1u = vθ(2Ωvθ − ∂U/∂y), which are the production owing to the mean scalar gradient, respective, the production by mean shear together with Coriolis term contribution in the governing equation (5) of uθ. The latter term, P 1u , is small away from the wall on the unstable side of a rotating channel when ∂U/∂y ≈ 2Ω, as explained before. All terms and the distance to the wall y * are in wall units. The production terms are premultiplied by y * to accentuate the behaviour away from the wall. Here, u uτ is used instead of u τ for the scaling at Ro = 0.65 because this velocity scale is more appropriate on the unstable side. A DNS of scalar transport with P r = 1 in a non-rotating channel flow (not presented here) shows that the profiles of P * K , P * θ , P * 1θ and P * 1u including the maxima all collapse near the wall, see also Pirozzoli et al. (2016) . Figure 16.(a) shows that in the present case with P r = 0.71 the profiles do not collapse when Ro = 0 since the maximum of P * K approaches 1/4 whereas the maximum of P * θ is P r/4 as explained before. The maxima of P * 1θ and P * 1u
are in between these two previous maxima and approximately equal to each other, showing that production owing to the mean scalar gradient and mean shear are equally important.
All these maxima are nearly independent of Ro (compare figure 16.a and b) . The profiles of P * 1θ and P * 1u approximately collapse for y * 20 ( figure 16.b) , also at other Ro, while they do not collapse if the Coriolis term is not included in P * 1u , which is somewhat remarkable. 
EFFICIENCY OF SCALAR TRANSPORT
In this section, some quantities characterising the efficiency of scalar transport are discussed; some of them are directly relevant for engineering.
An important quantity in engineering is the Nusselt number. It is here defined as the ratio of wall-normal scalar flux in the present turbulent channel flows and laminar channel flow, i.e.
where ∆Θ is the imposed scalar difference at the walls. With this definition, N u = 1 for laminar channel flow.
However, N u does not distinguish between the scalar transport on the stable and unstable channel sides. To examine the effectivity of scalar transport on both channel sides, I have also computed a Nusselt number defined similarly as in some previous studies, e.g. Pirozzoli et al. (2016) , to account for difference in the mean scalar gradients on both sides. For the unstable channel side it is defined as
Here, δ = y 0 − y w where y 0 is the position where the total shear stress, i.e. the sum of the viscous and turbulent shear stress, is zero, and y w the wall position and Θ w the scalar value at the wall on the unstable channel side. I consider y 0 the place separating the stable and unstable channel sides. Further
The Nusselt number for the stable channel side, N u * s , is defined in the same way with the integrals in (9) from y 0 to y w where y w and Θ w are now the wall position and the scalar value at the wall on the stable channel side. The factor 5/8 in (8) 
Here, U m , T m and u τ are either computed for the unstable or the stable channel side according to equation (9) . If the Reynolds analogy for the momentum and scalar transport is valid 2St/C f should be near unity (Abe & Antonia 2017) , which indeed it is in the non-rotating channel ( figure 17.b) . On the stable channel side 2St/C f stays near unity while on the unstable channel side it grows with Ro and clearly deviates from unity, suggesting that the Reynolds analogy is valid for the stable channel side but not for the unstable side where scalar transport is relatively rapid.
The ratio of scalar to turbulence time-scale
is in some turbulence models assumed to be a constant. Antonia et al. (2009) found that in non-rotating turbulent channel flow with a passive scalar with P r = 0.71, r is indeed nearly constant; its value is between 0.5 and 0.6 in the outer region. In rotating homogeneous shear flow, however, r varies with the imposed system rotation rate (Brethouwer 2005) . Figure   18 same trend is observed in rotating homogeneous shear flow with a passive scalar (Brethouwer 2005) . Especially when the mean shear dU/dy equals 2Ω, as in the absolute mean vorticity region in the present DNS, scalar fluctuations are relatively strong, although neither in the governing equation of K nor K θ there is a direct influence of rotation. The small values of B in rotating channel flow, however, suggest that P θ is relatively large compared to the production of K.
An important parameter in turbulence modelling, often assumed to be a constant, is the ratio of turbulent viscosity to scalar diffusivity given by the turbulent Prandtl number
It can also be considered as a relative measure of the production term of K to K θ . Figure   18 The small values of B and P r T suggest that the scalar and velocity field are dissimilar in rotating channel flow, as already indicated by the correlation coefficients in figure 10 . This dissimilarity is further explored by spectra in the next section.
SPECTRA
Premultiplied one-dimensional spanwise spectra of turbulent kinetic energy k z E K (k z ) and scalar variance k z E θθ (k z ) as well as premultiplied one-dimensional streamwise spectra of turbulent kinetic energy k x E K (k x ) and scalar variance k x E θθ (k x ) at Ro = 0, 0.15, 0.45 and 0.9 are shown in figure 19 as function of the spanwise and streamwise non-dimensional wave length λ * z and λ * x , respectively. Here, k x and k z are the streamwise and spanwise wave number, respectively. The streamwise and spanwise spectra are normalized such that
respectively (β stands for K or θθ), and are computed at three different wall-normal positions on the unstable channel side, i.e. near the wall at y * ≈ 10, at y * ≈ 100 and in the outer region at y ≈ −0.55. A superscript * implies scaling by ν/u τ u , which is appropriate for the spectra on the unstable channel side.
At Ro = 0, k z E θθ (k z ) shows near the wall a peak at λ * z ≈ 100, corresponding to the turbulent near-wall cycle, while in the outer region it has a peak at scales larger than λ z = h ( figure   19.a) flow. Also k x E θθ (k x ) reveals large energetic scalar scales in the outer region ( figure 19.b ). Antonia et al. (2009) observed that the scalar variance spectra k x E θθ (k x ) and k z E θθ (k z ) display considerable similarities with the turbulent kinetic energy spectra
respectively, especially near the wall. This similarity is also reflected by the present spectra, see figure 19 .(a) and (b), although the spanwise spectra indicate that away from the wall the scalar scales are somewhat wider than the turbulent scales. Overall, the scalar and turbulent length scales are thus similar in non-rotating channel flow according to the spectra. Antonia et al. (2009) found that the similarity between the spanwise spectra k z E θθ (k z ) and
is mostly the consequence of a similarity between θ and streamwise velocity fluctuations u, whereas the streamwise scalar variance spectrum k x E θθ (k x ) is more similar to k x E K (k x ), especially at larger scales, than the spectrum of the streamwise velocity component only. In the outer region, the large scales of the scalar field display in fact quite large correlations with wall-normal velocity fluctuations.
In rotating channel flow on the unstable side, k x E θθ (k x ) and k z E θθ (k z ) show a high similarity with k x E K (k x ) respective k z E K (k z ) near the wall at y * ≈ 10 ( figure 19 .c-h), although at Ro = 0.9 the scalar scales appear somewhat shorter than the turbulence scales (figure 19.h). By contrast, away from the wall, at y * ≈ 100 and in the outer region at y ≈ −0.55, k x E θθ (k x ) and k z E θθ (k z ) are more skewed towards longer and wider scales than figure 19.c-h) . This difference appears to become stronger at higher Ro, implying that the scalar field contains larger scales than the turbulence field in rotating channel flow. This is another demonstration of the growing difference between the scalar and turbulence field on the unstable channel side as a consequence of rotation.
The sharp peaks at λ z = πh and 3πh/4 in k z E θθ (k z ) at Ro = 0.15 and 0.45, respectively (figure 19.c,e) and the energetic long scales observed in k x E θθ (k x ) at the same Ro ( figure   19 .d,f) are most likely caused by large streamwise roll cells present at these Ro (Brethouwer 2017), confirming that roll cells have a large impact on the scalar field.
The spectra at Ro = 0.15 on the stable channel side (not shown) indicate that the scalar field is more affected by the roll cells than the turbulence field, but otherwise the turbulence and scalar scales appear similar. 
